Powder-mixed electro-discharge diamond surface grinding (PMEDDSG) is an efficient process for shaping hard materials, such as Ti-6Al-4V. It is widely used in many applications, including aerospace industries and medical implants. This process is a combination of conventional surface grinding with electrical spark machining with the presence of powder in dielectric fluid. In this paper, a PMEDDSG set-up has been designed and fabricated in house. Chen et al. [1] experimented with electrical discharge machining of Ti-6Al-4V. They explained that the removal of material in distilled water occurs due to melting, vaporization and crack propagation, whereas in kerosene, it is due to melting and vaporization. They compared the material removal rate (MRR) and electrode wear ratio in the dielectric fluid and reported the effect of the dielectric fluid on the properties of the EDM-generated surface. Choudhury [2] conducted experiments on the EDDG of high-speed steel. He described how the MRR and grinding forces affected by input machining variables, i.e. current (I), voltage (V), pulse duration (T on ) and duty cycle (DC). Koshy et al. [3] performed experiments on the EDDG of high-speed steel and explained that how the grinding force and the rate of material removal are influenced by ampere-current and the wheel revolution per minute. Koshy et al. [4] carried out experimentation on electric discharge diamond grinding of WC-Co and explained that how the grinding force and rate of material removal was influenced by amperecurrent and the on-length of the pulse. Kansal et al.
INTRODUCTION
Powder-mixed electro-discharge diamond surface grinding (PMEDDSG) is an efficient process for shaping hard materials, such as Ti-6Al-4V. It is widely used in many applications, including aerospace industries and medical implants. This process is a combination of conventional surface grinding with electrical spark machining with the presence of powder in dielectric fluid. In this paper, a PMEDDSG set-up has been designed and fabricated in house. Chen et al. [1] experimented with electrical discharge machining of Ti-6Al-4V. They explained that the removal of material in distilled water occurs due to melting, vaporization and crack propagation, whereas in kerosene, it is due to melting and vaporization. They compared the material removal rate (MRR) and electrode wear ratio in the dielectric fluid and reported the effect of the dielectric fluid on the properties of the EDM-generated surface. Choudhury [2] conducted experiments on the EDDG of high-speed steel. He described how the MRR and grinding forces affected by input machining variables, i.e. current (I), voltage (V), pulse duration (T on ) and duty cycle (DC). Koshy et al. [3] performed experiments on the EDDG of high-speed steel and explained that how the grinding force and the rate of material removal are influenced by ampere-current and the wheel revolution per minute. Koshy et al. [4] carried out experimentation on electric discharge diamond grinding of WC-Co and explained that how the grinding force and rate of material removal was influenced by amperecurrent and the on-length of the pulse. Kansal et al. [5] explained that MRR and surface roughness are affected by mixing silicon powder in the kerosene of the electric discharge machine. They selected EN-31 as a workpiece material and copper as an electrode material. Habib [6] formulated the models for MRR, the wear ratio of electrode, the gap size and surface roughness by using response surface methodology (RSM). The input machining variables were I, V and SiC % in aluminium. He performed the experiments on electrical discharge machining with an Al/Sic workpiece and copper as an electrode. Hewidy et al. [7] developed models using RSM in the wire EDM of Inconel 601 material. The input machining variables are I, duty factor, wire tension and water pressure whereas the responses are MRR, wear ratio and surface roughness. He reported that the RSM method has the advantage of interpreting the effect of each machining variable on the output response. Lin and Lin [8] applied the combined grey relational analysis-orthogonal array approach for the multi-output optimization of process parameters in electrical discharge machining of SKD11 alloy steel and reported that multi-output optimization problems can be simplified with this approach. Pearson offered principal component analysis (PCA), which was later developed by Hotelling [9] . Su and Tong [10] and Jiju [11] offered an easy and step-by-step solution based on PCA for multi-output optimisation with principal component analysis methodology. Liao [12] explained that there are some shortcomings in the PCA methodology, and used weighted principal components (WPC) method to overcome them. He suggested that the WPC approach reduces the complexity of the engineer's judgement in comparison to the Taguchi approach. Agarwal and Modi [13] showed that effect of current and speed on the MRR in the EDDG process and reported that the MRR increases with increase in current and speed.
In this research paper, an experimental study of surface grinding in the EDDG process (with and without powder-mixed dielectric fluid) has been made. The objective of this research is to develop mathematical models of the responses, a comparative analysis to study the behaviour of input variables against the responses for both the processes, to determine the optimum combination of parameters, and studying the effect of input variables on the white recast layer thickness and on different surface generation during the PMEDDSG processing of Ti6Al-4V. In this research work, RSM has been applied to develop the mathematical models of responses. These models were used for understanding and predicting the behaviour of input machining variables over the responses. For this purpose, thirty-one and another thirty-two experiments were conducted on an inhouse-designed and fabricated PMEDDSG set-up with and without aluminium powder-mixed dielectric fluid. Minitab software is used to develop the mathematical models of both the responses. Optimal combinations of machining variables are calculated within the boundary of formulated mathematical models. An optimum combination of machining variables for both the responses is not suggested by this approach. To overcome this problem, weighted principal components analysis has been applied to determine an optimum setting of powder-mixed electro-discharge diamond surface grinding (PMEDDSG) process parameters during multi-output optimisation. A total of eighteen experiments were performed according to the Taguchi L 18 orthogonal array on the PMEDDSG set-up. Analysis of variance (ANOVA) has been applied to determine the contribution percentage (C [%]) of different parameters during the PMEDDSG process.
OBSERVATIONAL METHODOLOGY
All the experiments have been conducted on an inhouse-designed and fabricated PMEDDSG set-up with and without powder-mixed dielectric fluid. For this purpose, a special attachment has been designed and fabricated inside the main tank of the EDM machine: a separate acrylic transparent bathtub-like container (called the machining tank, capacity = 36 litres of dielectric fluid) was fixed on the machine table with the help of clamping bolts. In this set-up, a separate pump and stirrer assembly is fixed in the side wall of the machining tank. The pump circulates the powder-mixed dielectric fluid in the inter-electrode gap (IEG) and stirrer is used to mix the powder particles uniformly with dielectric fluid. The details of PMEDDSG set-up are depicted in Fig. 1a .
The relative motion between bronze-diamond wheel and work-piece is achieved by reciprocating the machine table through an automatic feed arrangement. The lead screw of EDM machine table was driven by a reversible AC synchronous motor to obtain the relative motion between the workpiece and bronzediamond grinding wheel. The workpiece speed is 0.38 cm/s. The wheel speed is selected according to plan of experimentation (see Tables 3 and 6 ). The mechanism for removing metal in the PMEDDSG process is due to the occurrence of spark discharge, series discharge and grinding action by the diamond grains of the bronzediamond wheel over the workpiece. Whereas, in the EDDSG process, it is due to the occurrence of spark discharge and grinding action by the diamond grains of the bronze-diamond wheel over the workpiece. Series discharge occurred in the PMEDDSG process due to the presence of powder particles between the wheel and workpiece, i.e. inter-electrode gap (IEG). These particles of powder in IEG become energised and accelerated by the applied electric field and finally move in a zigzag fashion. These electrically conductive powder particles boost the breakdown in the IEG and increase the space between the wheel and workpiece. After that, the particles arranged themselves in chain-structures and finally bridged the gap between the wheel and workpiece. This type of bridging decreases the insulating strength of the dielectric. Therefore, a short circuit occurs, which is responsible for an explosion in the space between the wheel and workpiece, and series discharge finally occurs in the IEG. At the same time, few secondary discharges also occur between the side corner edge of the grinding wheel and the workpiece. The mechanism of removal of metal in the PMEDDSG process is shown in Fig. 1b . The details of the bronze-diamond wheel are depicted in Table 1 . Ti-6Al-4V has been taken as the workpiece material for experimentation. It is flat and rectangular; its size is (60×10×20 mm). The advantage of this hybrid process is that it reduces the thickness of recast layer by the grinding action due to abrasion. 
where W b m and W a m are the weights of the workpeace before and after machining, t is the machining time (45 min) and ρ is the density (4.37 gm/cm³) of workpiece material. The hardness of Ti-6Al-4V material is 32 HRC. The weight of the workpiece was measured using a high precision electronic balance (WENSAR HPB-310 model) before and after the experiment, after which the difference in weight was determined. Finally, the MRR is determined by dividing this difference in the weight of the workpiece by the machining time. R a is measured with a Surtronic-25 Taylor Hobson surface roughness tester at a cut-off value of 0.8 mm. A digital tachometer was used for grinding wheel speed measurement (revolutions per minute (RPM)).
RESPONSE SURFACE MODELLING
Response surface modelling (RSM) is a combination of statistics and a mathematics approach. This approach is used to obtain the relationship between input variables and output responses. All experiments have been conducted according to central composite rotary design (CCRD).
The response surface in general is expressed by the Eq. (2). 
where, Y are output responses, a 0 coefficients for the free terms, a i coefficients of linear terms, a ii coefficients of quadratic terms and a ij coefficients for the interaction terms. Thirty-one experiments were performed on an electro-discharge diamond surface grinding set-up. The value of machining variables involved in this experimental work is depicted in Table 2 . The experimental central composite rotary design plan and the responses for the EDDSG process are depicted in Table 3 . The mathematical models for MRR and R a are obtained via Minitab 14 software after eliminating the non-significant terms for the EDDSG process, and are depicted by Eqs. (3) and (4). Using Eqs. (3) and (4), the responses are calculated and are shown in Table 3 , in the columns MRR (Eq. (3)) and R a (Eq. (4) The ANOVA results are depicted in Table 4 . It has been determined that the p-value is less than 0.05 for both models. Thus, it is concluded that the model equations of both responses are significant in describing the relationship between the input parameters and output responses. Another thirty-two experiments were performed on the PMEDDSG setup with aluminium powder. The value of machining variables involved in this experimental work is depicted in Table 5 . The experimental CCRD plan and responses for PMEDDSG process are depicted in Table 6 . Similarly, the mathematical models for MRR and R a are obtained with the aid of Minitab 14 software after eliminating the non-significant terms for PMEDDSG process (see Eqs. (5) and (6)). Using Eqs. (5) and (6), the responses are calculated and are shown in Table 6 , in the columns MRR (Eq. (5)) and R a (Eq. (6)). The ANOVA results are depicted in Table 7 . It is found that the p-value is less than 0.05 for both models. Therefore, it is concluded that model equations of both the responses are significant in describing the relationship between the input parameters and output responses.
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ANALYSIS OF OUTCOMES AND INTERPRETATIONS (FROM MATHEMATICAL MODELS OF MRR AND Ra WITH AND WITHOUT POWDER)
The analysis of outcomes is summarized in Table 8 , which also includes the interpretations of Figs. 2 to 9. With reference to Figs. 2 to 5, the MRR is greater in the powder-mixed dielectric fluid as compared to the dielectric fluid without it. The reason for this is the occurrence of the series discharge in the IEG. These series discharges have been taken place (in addition to the spark discharge and grinding action in the EDDSG process) in the IEG due to the presence of aluminium powder in the dielectric fluid. With reference to Figs. 6 to 9, the R a is less in powder-mixed dielectric fluid as compared to without powder-mixed dielectric fluid. The presence of aluminium powder in the dielectric fluid modified the plasma channel, i.e. it became larger and wider. The spark energy is equally distributed between the powder particles. Hence, the density of spark discharge is reduced, which is responsible for the formation of smaller cavities on the machined workpiece.
The optimum setting of different machining variables for the PMEDDSG and EDDSG processes depends on maximizing the MRR and minimizing the R a ; it is depicted in Table 9 . These values were calculated within the boundary of formulated mathematical models. The Taguchi method is commonly used for single response optimization; it does not suggest an optimum combination of machining variables for both the responses. There are significant complications involved in multiresponse optimisation as compared to single response optimisation, because the higher log S value of one response (i.e. MRR) may correspond to a lower log S value for another response (i.e. R a ). Hence, an overall evaluation of log S values is needed for the multi-output optimisation. In order to overcome this problem, a Weighted Principal Components Analysis has been applied to find an optimum setting of PMEDDSG process parameters during multi-output optimisation.
In Tables 8 and 9 , it is shown that the Al powder-mixed EDDSG process yields better results (i.e. higher MRR and lower R a ) as compared to the EDDSG process during the machining of Ti-6Al-4V. Hence, we have applied the weighted principal components approach to find an optimum setting of the PMEDDSG process parameters during multioutput optimization with Al powder-mixed dielectric fluid. After that, SEM analysis was performed on Al powder-mixed EDDSG machined workpieces.
OPTIMIZATION THROUGH WEIGHTED PRINCIPAL COMPONENTS (WPC) ANALYSIS
The Principal Components Analysis (PCA) method was first proposed by Pearson and modified by Hotelling [9] . The short comes associated with the PCA method have been rectified by WPC method proposed by Liao [12] . In this method, total principal components are used. The detailed procedure of this method is depicted in Fig. 10 . The various parameters and their levels are depicted in Table 10 . MOPI is depicted in Table 11 . For ANOVA analysis, Minitab software is used. From Table 12 , it is observed that current (> 95% CL) and powder concentration (≤ 90% CL) are the significant parameters. T on , WS and DC are the non-significant parameters. It is also observed that percentage contribution C [%] of various process parameters is powder concentration (19%), pulse on-time (1.5%), wheel speed (1.5%), duty cycle (7%) and current (61%) for the responses under the Table 14 .
ANALYSIS OF PMEDDSG-GENERATED SURFACE
The machined surface generated through the PMEDDSG process is subject to many changes in the form of surface cavities and pits. To investigate the effect of various input parameters i.e. current, pulse-duration, duty cycle, wheel speed and powder concentration on the PMEDDSG-generated surfaces, electron scanning microscopy (SEM) is used at 500× magnification. To prepare the specimens for SEM analysis, emery paper (3/0 and 4/0) were used to grind the produced machined surfaces; after that, these surfaces were cleaned and shined by polishing and finally etched with K-AGENT (combination of eighty-eight percent pure water, ten percent nitric acid and two percent hydrofluoric acid) for 50 seconds.
The effect of current and pulse-duration on PMEDDSG of Ti-6Al-4V (with Al powder-mixed dielectric fluid) generated surfaces are depicted in Figs. 11a and b and 12a and b, respectively. It was observed from all images that the surface cavities become wider and bigger as the current or pulseduration increases. Increases in current or pulseduration lead to increase in spark energy, which leads to the evacuation of more material in molten form from work surfaces. Hence, increases in current or pulse-duration is the reason for the formation of wider and bigger sizes cavities on work surface.
The effect of duty cycle on the PMEDDSG of Ti-6Al-4V generated surface (with Al powdermixed dielectric fluid) is depicted in Figs. 13a and b. It was observed from both images that surface cavities are wider and bigger with increase in duty cycle. Pulse on-duration remains constant throughout the experiment and the duty cycle increases due to decreased pulse off-time. This means less time is available for dielectric flushing to sweep the ejected particles from the IEG and for the deionization of the dielectric. Therefore, a continuous spark takes place and R a increases.
The effect of wheel speed on PMEDDSG of Ti6Al-4V generated surfaces (with Al powder-mixed dielectric fluid) is depicted in Figs. 14a and b . It was observed from both images that the surface cavities are narrower and smaller with increase in wheel speed. R a decreases with increase in wheel speed. The increased in-wheel speed is the reason for the efficient dielectric flushing in the IEG, which reduces the deposition of re-solidified ejected particles on a worksurface and also reduces the possibilities of arcing. , β i min = minimum of β i1 , β i2 , ..., β pj , and β i max = maximum of β i1 , β i2 , ..., β pj , where X ij is normalised value.
After the normalising the values Minitab software is used for Principal Component Analysis (depicted in Table 13 ). Hence, increase in wheel speed is the reason for the formation of narrower and smaller sizes cavities on work surface.
The effect of powder on the PMEDDSG of Ti-6Al-4V generated surface (with Al and without powder-mixed dielectric fluid) is depicted in Figs. 15a and b. It was observed from both images that surface cavities are smaller and smooth due to the presence of Al powder in the IEG as compared to without powder. This happened because the added powder in the dielectric fluid modified the plasma channel, i.e. it becomes larger and wider, and the spark energy is equally distributed between the powder particles. Hence, the electrical density of spark discharge is reduced, which is responsible for the production of smaller cavities on work-surface.
It is also observed that number of cavities on the machined surfaces increases with increase in pulseduration, duty cycle and current. Similarly, the number of cavities on the machined surfaces decreases with increase in wheel speed. A few cracks are developed on the machined surface when the stress induced by the PMEDDSG process exceeds the material tensile strength. A few pockmarks are developed on the machined surface due to escaping of trapped gases from the re-solidified material.
ANALYSIS OF WHITE RECAST LAYER THICKNESS (WRLT)
If the molten material from work surface is not flushed out quickly, it will re-solidify due to the cooling effect of the dielectric fluid and adhere to the machined surface. This deposited layer is called the white recast layer. From Figs. 16a and b, it was observed that white recast layer thickness (WRLT) increases as the current increases. The increased value of current is the reason for increase in the energy of each spark and hence raises the MRR. In addition, the eroded materials from the work surface are swept away by the dielectric and the greater volume of un-flushed molten substances in the IEG (inter electrode gap) have undergone the resolidification process and are finally deposited on the upper surface of the workpiece.
From Figs. 17a and b, it is observed that WRLT increases with increase in the pulse on-length. The increased value of the pulse on-length is the reason for greater thermal softening of the workpiece through heat conduction and hence increases the MRR. In addition, the eroded materials from the work surface are swept away by the dielectric and a greater volume of un-flushed molten substances in the IEG have undergone the re-solidification process and are finally deposited on the upper surface of the workpiece.
From the Figs. 18a and b , it is observed that WRLT decreases with increase in wheel speed. The increase in wheel speed is the reason for efficient dielectric flushing in the IEG, which reduces the deposition of re-solidified ejected particles on a worksurface and also reduces the possibilities of arcing. From the Figs. 19a and b, it is observed that WRLT increases with increasing the duty cycle. Pulse on-duration remains constant throughout the experiment and duty cycle increases due to decreased pulse off-time. This means less time is available for dielectric flushing to sweep the ejected particles from the IEG and for the deionization of the dielectric. Thus, continuous sparking takes place and a greater volume of un-flushed molten substances in IEG have undergone the re-solidification process and are finally deposited on the upper surface of the workpiece.
CONCLUSIONS
The following conclusions can be drawn, based on the analysis of outcomes, interpretations of Figs. 2 to 9, the optimization approach, and analysis of SEM images:
1. MRR is greater in powder-mixed dielectric fluid in comparison to dielectric fluid without it, during the PMEDDSG of Ti-6Al-4V. Some authors, i.e. Choudhury et al. [2] , Koshy et al. [3] and [4] , obtained the same results in cut-off grinding mode with different workpiece materials. 2. R a is less in powder-mixed dielectric fluid in comparison to dielectric fluid without it, during the PMEDDSG of Ti-6Al-4V. 3. The PMEDDSG is an efficient process for shaping the hard material. This process has the advantage of reducing the recast layer thickness by the grinding action due to abrasion. 4. The highest MRR is achieved when current, pulse on-time and wheel speed are at peak levels. Similarly, The highest MRR is achieved when the duty cycle is at the lowest level. 5. The highest R a is achieved when current, pulse on-time and duty cycle are at peak levels. Similarly, The highest R a is achieved when wheel speed is at the lowest level. 6. The best results (higher MRR and lower R a ) are obtained in the PMEDDSG of Ti-6Al-4V with Al powder-mixed dielectric fluid. 7. Surface cavities are wider and bigger with the increase in current, pulse-duration and duty cycle. Similarly, surface cavities are narrower and smaller with the increase in wheel-speed. 8. Surface cavities are smaller and smoother due to the presence of aluminium powder in comparison to dielectric fluid without it; this is confirmed from studying the SEM images. These images were captured from specimens/workpieces operated with Al powder (powder concentration = 5 gm/l) and without aluminium powder (powder concentration = zero gm/l) during PMEDDSG process of Ti-6Al-4V. 9. White-recast layer thickness is increased by increase in current, pulse on-length and duty cycle. Similarly, white-recast layer thickness is decreased by increase in wheel speed. 10. It has been observed that the number of cavities on the machined surfaces increases with increase in pulse-duration, duty cycle and current. It has also been found that number of cavities on the machined surfaces decreases with increase in wheel speed. A few cracks are developed on the machined surface when the stress induced by the PMEDDSG process exceeds the material tensile strength. A few pockmarks are made on the machined surface due to escaping of trapped gases from the re-solidified material. 
